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Abstract 
 Mild steel finds extensive applications in automobile, household appliances, heavy 
construction and business machines due to its mechanical properties and machinability at low 
cost. However, it is prone to corrosion that leads to industrial accidents and loss of material 
resources. Sol-gel derived ceramic coatings have been deposited on mild steel (MS) with a prior 
conversion coating for its corrosion protection. The prior conversion coating led to the formation 
of well adherent coatings of Al2O3, ZrO2 and TiO2. The Scanning Electron Microscope (SEM), 
X-ray diffractometer (XRD) and FT-IR was used to study the morphology, phases formed and 
nature of bonding in the coating.  The electrochemical corrosion behavior of the coated MS was 
evaluated in 3.5 wt.% NaCl solution. The coatings show barrier type protection of MS up to 
about 1 VSCE. The Al2O3 and ZrO2 coatings were observed unaffected during prolong immersion 
in 3.5 wt.% NaCl solution. The physicochemical and electrochemical properties have been 
correlated and discussed. 
Introduction 
 Mild steel is extensively used structural material in several engineering applications due 
to its good machinability, high thermal conductivity and superior mechanical strength at low 
price. However, it is prone to wear and corrosion which reduces its service life. Ceramic 
coatings in recent years have been increasingly adopted for hot and wet corrosion protection of 
several engineering components [1-5]. The coatings have been tried out using various methods 
including thermal spray, PVD, CVD, plasma, laser surface coating etc. However, these coatings 
have certain limitations such as huge equipment cost, low coating adherence, large porosity, 
requirement of controlled environment (such as vacuum), and line of site etc. Ceramic coatings 
produced by sol-gel route have been extensively used for prevention of corrosion/wear in case 
of stainless steel and other metals that form naturally passive film on their surface [6]. Very 
limited work has been done to develop ceramic coatings on active substrate such as mild steel 
for corrosion and wear protection of this widely used material [7-12]. Such active substrate gets 
oxidized during sol-gel coating resulting into poor bonding between substrate and the coating. 
Efforts have been made to modify the active steel surface through chemical route before sol-gel 
ceramic coating [7-9]. However, the modified surface through chemical route contains high 
porosity and the sol-gel coating on such modified porous surface resulted into less corrosion 
resistant coating. The present paper describes the corrosion behavior of sol-gel Al2O3, ZrO2 and 
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TiO2 coatings on surface modified mild steel in 3.5 wt.% NaCl. The surface of mild steel was 
modified by introducing phosphate layer using conventional phosphating method, electroless Ni-
P layer and a composite layer through sol-gel route. The results of electrochemical behaviour of 
sol-gel coatings on modified surfaces were compared with bare mild steel. 
Experimental procedure 
 Coupons of 30 mm×20 mm×2 mm size were cut from mild steel (MS) sheet of nominal 
composition (in wt.%) C-0.06, Si-0.04, Mn-1.46, S-0.01, P-0.02, and Fe-balance. The coupons 
were polished successively on emery paper from 120 to 500 grit. The coupons were cleaned 
with soap solution followed by degreasing with acetone and finally cleaned with ethanol. 
 
 The surface of mild steel was modified by introducing a conversion coating. For the 
purpose the cleaned coupons were dip-coated in aluminum oxy-hydroxide sol. The aluminum 
oxy-hydroxide sol was prepared by addition of aqueous NH3 drop wise to the aluminum nitrate 
hexahydrate. The resultant precipitate was filtered and redispersed in distilled water. The dip-
coated coupons were dried in ambient atmosphere and finally heated at 500 0C for 1 hour. The 
furnace cooled plates were again cleaned with ethanol and used for further sol-gel coating. The 
conversion coated MS plates will be referred as CcMS in the text. The MS surface was also 
modified by fabricating electroless Ni-P and phosphate layer prior to sol gel coating as reported 
in literature [13, 14]. 
 
 The Al2O3, TiO2 and ZrO2 sols were prepared by hydrolysis of aluminum isopropoxide, 
titanium isobutoxide and zirconium (IV) n-propoxide respectively using HNO3 as catalyst. The 
surface modified MS plates were dip-coated in the respective sol and withdrawn at a constant 
rate of 30 mm/min. The coated plates were dried in ambient atmosphere for 30 min. The 
process of dip-coating and drying was repeated 5 times in order to increase the thickness of the 
coating. The dip-coated MS plates were then subjected to heat treatment at 500 0C for 1 hour 
and then furnace cooled. The surface morphology and phases formed on MS plates were 
studied by SEM (JEOL, 840A, Japan) and XRD (Seifert, PTS 3003) using Cu-Kα radiation, 
respectively. Powder samples of sol-gel Al2O3 and ZrO2 were analyzed in KBr pellets by 
recording FT-IR spectra using a NICOLET-7500 spectrometer in the wave number ranging from 
400 to 4000 cm-1. 
 
 The electrochemical behavior of sol-gel coating was studied in 3.5 wt% NaCl solution at 
room temperature (25 0C). A conventional three electrode cell, consisting of saturated calomel 
(SCE), graphite and coated MS as reference, auxiliary and working electrode respectively, was 
used to study the electrochemical behavior. 1.0 cm2 area of the coated surface was exposed to 
the electrolyte and remaining was covered with Araldite. After OCP stabilization, the AC 
(alternating-current) impedance measurements were made at open circuit potential with 10 mV 
amplitude of the sinusoidal voltage signal at applied frequencies in the range of 105 to 10−2 Hz 
using ten points per decade. The polarization curves were recorded by sweeping the potential 
from −100 mV to ≥1.0 V (with respect to OCP) in the noble direction at a constant scan rate of 
0.5 mV/s. All electrochemical experiments were carried out using computer controlled 
Potentiostat/Galvanostat/ZRA (PC4/750, Gamry Instruments, USA). The impedance and Tafel 
parameters were extracted by curve fitting procedure available in the software. 
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Results  
(i) Potentiodynamic polarization 
 
 (a): Effect of surface pretreatment 
 The effect of surface modification prior to Al2O3 sol-gel coating on the corrosion 
protection of MS was studied by recording potentiodynamic polarization curves in 3.5 wt.% NaCl 
solution. The electrochemical parameters, calculated from the curves, by Tafel extrapolation 
method are shown in Table-1. The sol-gel Al2O3 coating on pre-phosphated MS (MS/Phos/ 
Al2O3) shifts corrosion potential (Ecorr) in noble direction by 88 mV and the corrosion current 
density (icorr) is reduced by about 2 orders of magnitude. However, the nature of polarization 
curve is more or less identical to bare MS which shows linear increase of current with potential.  
  
 
 
Table-1: Electrochemical parameters calculated from potentiodynamic polarization curves on    
              bare MS and sol-gel Al2O3 coatings on MS with different surface pretreatment 
 
Electrodes Ecorr (mVSCE) Icorr (A cm
-2
) E (VSCE) at 
 i= 0.1 µA cm
-2
 
Bare MS - 633 1.2 x 10
-4
 NA (Active corrosion) 
MS/Phos/Al2O3 -521 6.2 x 10
-6
 NA (Active corrosion) 
MS/ENi-P/Al2O3 -42 2.6 x 10
-10
 0.2 (barrier protection) 
MS/Cc/ Al2O3 (CcMS/ Al2O3) +212 2.9 x 10
-10
 1.08 (barrier protection) 
                                                                                                                                                          
 
The Al2O3 coating on electroless Ni-P coated MS (MS/ENi/Al2O3) reduces icorr by 6 orders of 
magnitude and shifts Ecorr further in noble side. However, the barrier protection ceases at about 
0.2 VSCE and the current increases linearly thereafter. On the other hand, the sol-gel coating on 
conversion coated MS (CcMS) shows barrier type of protection up to more than 1 VSCE. The Ecorr 
of the substrate shifts by 845 mV in noble side and icorr is reduced by 6 orders of magnitude on 
CcMS/Al2O3 which shows the formation of a compact and adherent sol-gel Al2O3 coating on 
conversion coated MS. Thus, conversion coating on MS was chosen as the only surface 
treatment prior to sol-gel coating for further study. 
 
(b) Influence of Ceramics 
 
 In order to study the influence of different ceramics on the corrosion protection of mild steel, 
sol-gel Al2O3, ZrO2 and TiO2 coatings were obtained on CcMS by dip-coating method. The 
process of dip-coating and drying was repeated 5 times and finally heated at 500 0C. The 
potentiodynamic polarization behavior of sol-gel Al2O3, ZrO2 and TiO2 coatings on CcMS is 
shown in Figure 1. The polarization curve on bare MS is also included in the figure for the sake 
of comparison. The sol-gel ceramic coatings show barrier type protection to the substrate up to 
more than 1.0 VSCE. The smallest corrosion current density of 2.94 x 10
-10 A cm-2 was noted on 
MS/Al2O3 followed by CcMS/ZrO2 (6.4 x 10
-9 A cm-2) and CcMS/TiO2 (21.8 x 10
-9). The Ecorr also 
follows similar order. This indicates the formation of dense and adherent coatings on mild steel 
surface with a prior conversion coating.  
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(ii) Electrochemical Impedance Spectroscopy 
 
The stability under long term exposure of the coating was evaluated by measuring the 
impedance of the coating in 3.5 wt.% NaCl at different time intervals. The results of 
impedance measurements on Al2O3, ZrO2 and TiO2 coated CcMS are shown in Figs.2-4. 
Impedance plot on bare MS has also been added (Fig.4) for comparison. The global  
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Fig.1   Effect of different ceramic coatings on potentiodynamic     
polarization of mild steel in 3.5 wt.% NaCl 
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Fig.2   Bode plot on CcMS/Al2O3 in 3.5 wt.% 
NaCl 
Fig.3  Bode plot on CcMS/ZrO2 in 3.5 wt.% 
NaCl 
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Impedance of MS is increased by more than 3 orders of magnitude with the application of sol-
gel coatings. The increased impedance of the coating shows better corrosion protection of the 
substrate. The sol-gel coatings display capacitive behavior with a large phase angle (≥ 75o) 
between the low and middle frequency regions, which can be correlated with the insulation 
property and compactness of the coating [9, 15].  It is clearly seen from the figures 2-4 that the 
sol-gel Al2O3 and ZrO2 coated CcMS do not show any appreciable change in impedance 
behavior during continuous immersion for 7 days of present study. This indicates the defect-free 
and stable nature of Al2O3 and ZrO2 coatings prepared in the present study. However, TiO2 
shows ~ 1 order of magnitude reduction in global impedance after 48 hours of immersion which 
is in between the impedance of bare MS and CcMS/TiO2. This shows the penetration of 
electrolyte to the substrate through the coating. 
 
 The above results can be explained by considering the equivalent circuit Rs(RctQdl) and 
Rs(RdefQcoat(RoxQox)) for bare MS and sol-gel coatings, respectively. In the equivalent circuit 
shown above, Rs is the solution resistance, Rct and Qdl are the resistance and pseudo 
capacitance associated with the double layer formed at the substrate-electrolyte interface, Rdef 
is the resistance of the sol-gel coating with defects (pores/cracks) while Qcoat models the intact 
layer, Rox and Qox are the resistance and pseudo capacitance of the inner oxide layer. Here a 
constant phase element (CPE) is generally used to represent capacitance because it is hardly 
capacitance in the real electrochemical process. The CPE is defined by the admittance Y and 
power index number n, given by Y = Yo(jω)
n; where ω is angular frequency. If n = 0 it stands for 
resistance, while n = 1 represents the capacitive behavior of the interface. These results are in 
fair agreement with the polarization studies. Further, the reduction in global impedance of TiO2 
coating after 48 hours of continuous immersion indicates the presence of defects/pores in the 
coating that facilitates the diffusion of electrolytes to the substrate during longer immersion time 
and results corrosion resistance to decrease. Under such situation, a mesh describing the 
substrate (Qdl and Rct) is added, to the circuit given for sol-gel coating, in series with Qox as 
reported by Zheludkevich, Andreata and coworkers [16, 17].  Based on the modified circuit, the 
charge transfer process takes place on the substrate, which is covered with sol-gel TiO2 coating 
having defects/pores. This occurs by the penetration of electrolyte through the defects/pores 
that reaches to the substrate resulting into corrosion of the substrate during continuous 
immersion. 
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Fig. 4   Bode plot on CcMS/TiO2 in 3.5 wt.% NaCl 
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(iii)Morphology of the coatings 
 
The surface morphology of conversion coating, sol-gel Al2O3, ZrO2 and TiO2 coating is 
shown in Figure 5. 
 
 
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The morphology of the CcMS is dense vermicular which covers the entire surface uniformly. 
The sol-gel Al2O3 coated CcMS surface appears smooth with featureless morphology and free 
from any defect. The sol-gel ZrO2 coating is free from cracks containing agglomerated circular 
particles. However TiO2 contains numerous cracks on the surface having dry cracked mud like 
appearance on the surface. 
 
Physical characterization 
  
 The X-ray diffraction on CcMS shows the formation of composite oxide of iron and 
aluminum mainly consisting of α-Fe2O3, Fe3O4 and Al2O3.H2O. The gel powders of Al2O3, ZrO2 
and TiO2, obtained by drying the respective sols at 60 
0C for 72 hours, heated at 500 0C for 1 h 
show the formation of γ-Al2O3 along with boehmite, t-ZrO2 and anatase, respectively. The 
formation of γ-Al2O3 and t-ZrO2 is also seen in FT-IR analysis. 
 
 
 
 
 
B A 
C D 
Fig.5  Surface morphology of the coatings on MS:   A: CcMS;  
B: CcMS/Al2O3;    C: CcMS/ZrO2;   D: CcMS/TiO2 
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Discussion 
 
 It has been reported that traditional phosphating of MS substrate produces needle 
shaped particles with an average grain size of 10 – 30 µm [14]. The subsequent sol-gel coating 
on pre- phosphated MS though produces better mechanical bonding between the sol-gel 
coating and the phosphate layer but at the same time it produces porosity in the coating. Thus, 
inspite of adherent ceramic coating, the aggressive ions from the electrolyte (Cl-) approaches 
the substrate through these micro-pores during the corrosion studies and the current increases 
linearly with potential as in the case of bare steel. The sol-gel Al2O3 coating on pre-electroless 
Ni-P coated MS shows highest corrosion protection in terms of corrosion current density but the 
barrier current ceases at ~ 0.1 VSCE and the current increases in identical manner to bare 
electroless Ni-P coating. This indicates the failure of the sol-gel coating. The failure of sol-gel 
Al2O3 coating on electroless Ni-P may be attributed to the formation of oxides at Ni-P and sol-
gel coating interface. Formation of oxides has also been observed by Luo et al. [18] on Al2O3/Ni-
P during studies on oxidation resistance of the coating. On the other hand, the conversion 
coating on MS produces α-Fe2O3, Fe3O4 and Al2O3.H2O on the surface having dense vermicular 
structure. Such structure of the conversion coating helps in improving the bonding of the coating 
with the substrate resulting in the formation of defect-free adherent sol-gel coating. Further, the 
composite oxides of iron and aluminum protects the mild steel surface from oxidation during the 
heat treatment of the coating at 500 0C. The lower corrosion protection of TiO2 coating and its 
further degradation with time during longer exposure is due to multiple cracks in the coating 
through which the electrolyte penetrates to substrate resulting into degradation of the protection 
property of the ceramic. On the other hand no such cracks are seen on Al2O3 and ZrO2 coatings 
which provide quite stable protection to the substrate. 
 
Conclusion 
 
 The conversion coating on MS provides suitable template for sol-gel coating. Prior 
conversion coating on MS produces well adherent and defect-free coating of Al2O3 and ZrO2. 
The sol-gel coating protects mild steel substrate for longer duration in the aggressive 
environment. The sol-gel Al2O3 and ZrO2 coatings provides barrier type of protection to MS up to 
~ 1VSCE in 3.5 wt.% NaCl and reduces corrosion current density of MS by 5-6 orders of 
magnitude. 
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